We tested the hypothesis that inducible isoform of nitric oxide synthase (iNOS)-derived nitric oxide (NO) inhibits oxygen consumption (VO 2 ) in human intestine resected for necrotizing enterocolitis (NEC). Each NEC resection specimen was divided into two sections based on histologic appearance: healthy or diseased. Intestine removed from infants for reasons other than NEC was used as control. The tissue injury score (0 -6, with 6 indicating complete necrosis) was 0.4 Ϯ 0.2 in control tissue, 1.2 Ϯ 0.4 in NEC-healthy tissue, and 4.6 Ϯ 0.5 in NEC-diseased tissue. Prominent iNOS staining was present in villus enterocytes in NEC-healthy tissue but not in the other tissue types. Intestinal VO 2 (per direct oximetry, in nM O 2 /min/g) was significantly greater in control tissue than in NEC-healthy or NEC-diseased tissues. Accumulation of NO into buffer bathing intestinal slices (in nM NO/L/g) was greater in NEC-healthy tissue than control or NEC-diseased tissues. The specific iNOS antagonist L-N -(1-iminoethyl)-lysine (L-NIL) reduced buffer NO concentration 76% and increased VO 2 by 90% in NEChealthy tissue; however, L-NIL had no effect on NO or VO 2 in control or NEC-diseased tissue. Addition of exogenous NO via S-nitroso-Nacetylpenicillamine depressed VO 2 in NEC-healthy and control tissues but not NEC-diseased tissue. A significant correlation was present between buffer NO concentration and VO 2 in NEC-healthy tissue. We conclude that iNOS-derived NO suppresses VO 2 in intestine resected for NEC that demonstrates a relatively normal histology on light microscopy. (Pediatr Res 59: 500-505, 2006) T he inducible isoform of nitric oxide synthase (iNOS) has been demonstrated in human intestine resected for NEC and hence implicated in disease pathogenesis (1,2). iNOSderived nitric oxide (NO) has also been proposed as relevant in the etiology of intestinal damage following hypotension (3), lipopolysaccharide administration (4), ischemia-reperfusion (5), sustained use of hyperalimentation (6), and inflammatory bowel disease (7). Many mechanisms have been proposed to explain the intestinal damage generated by iNOS-derived NO. NO can react with superoxide anion to form peroxynitrite, a highly cytotoxic radical; indeed, nitrotyrosine, the footprint of peroxynitrite, has been identified in intestine resected for inflammatory bowel disease or NEC (1,7). iNOS also activates proinflammatory cytokines and hence generates an inflammatory response, whereas iNOS-derived NO causes enterocyte apoptosis (7, 8) .
T he inducible isoform of nitric oxide synthase (iNOS) has been demonstrated in human intestine resected for NEC and hence implicated in disease pathogenesis (1, 2) . iNOSderived nitric oxide (NO) has also been proposed as relevant in the etiology of intestinal damage following hypotension (3), lipopolysaccharide administration (4), ischemia-reperfusion (5), sustained use of hyperalimentation (6) , and inflammatory bowel disease (7) . Many mechanisms have been proposed to explain the intestinal damage generated by iNOS-derived NO. NO can react with superoxide anion to form peroxynitrite, a highly cytotoxic radical; indeed, nitrotyrosine, the footprint of peroxynitrite, has been identified in intestine resected for inflammatory bowel disease or NEC (1, 7) . iNOS also activates proinflammatory cytokines and hence generates an inflammatory response, whereas iNOS-derived NO causes enterocyte apoptosis (7, 8) .
Yet another putative mechanism by which NO might affect tissue viability is via its direct effect on cellular respiration. NO reversibly inactivates cytochrome c within the mitochondrial electron transport chain (9) and depresses tissue VO 2 in heart, kidney, and skeletal muscle tissues (10 -12) . Accordingly, we hypothesized that iNOS-derived NO suppresses VO 2 in human preterm intestine resected for NEC. To test this hypothesis, intestinal VO 2 and NO production were measured under in vitro conditions in human intestine resected for NEC, as well as in human intestine resected from infants for reasons other than NEC.
MATERIALS AND METHODS
Pharmacological reagents. SP was used to stimulate the activity of eNOS (13) . Tumor necrosis factor (TNF)-␣ was used to induce endogenous iNOS activity (14) . L-NNA was used to inhibit eNOS activity (15) . L-NIL was used to selectively inhibit iNOS activity (16) . SNAP was used as an exogenous NO source (17) . Drugs were purchased from Sigma Chemical Co. (St. Louis, MO) and dissolved in Krebs buffer. All Krebs buffer used in this study was of the following composition (in mM): NaCl 118, KCl 4.5, CaCl 2 In vivo measurement of VO 2 . The Fick method was used to determine in vivo intestinal VO 2 using previously described methods (18) . Briefly, blood flow (Q) and the arteriovenous O 2 content difference (a Ϫ v O 2 ) in a vascularly isolated, innervated 5-cm segment of pig ileum were measured and then VO 2 was calculated as Q ϫ (a Ϫ v O 2 ).
In vitro measurement of VO 2 . Ileum was removed from anesthetized piglets, opened in the longitudinal plane, and pinned within a cutting device that generated thin (ϳ0.3 mm) slices of intestinal wall (19 Ϯ 3 mg). Slices were placed into warmed aerated Krebs buffer for 1 h before initiating in vitro studies. The method of Xie et al. (17) was adapted to measure VO 2 under in vitro conditions. A biologic O 2 monitor was used (YSI 5300, YSI Inc., Yellow Springs, OH) that consisted of a 10-mL glass chamber situated within a water bath (37°C) and over a magnetic stirrer. To the chamber were added 3 mL of warmed, aerated Krebs buffer, a magnetic stir bar, and the ileal tissue. A Clark-type polarographic O 2 electrode was situated within the buffer, the chamber sealed, and the stirrer activated. The rate of fall in buffer O 2 concentration was determined over 5 min. The tissue was then removed, blotted dry, and weighed. Measurements were carried out in duplicate in separate tissue slices and the average VO 2 was expressed as nM O 2 /min/g tissue.
NO measurement technique. Krebs buffer (1 mL) was added to each well of a 6-well plate and immediately thereafter an initial 50-L buffer sample was taken for NO analysis. A tissue slice was added to each well and the plate incubated at 37°C; thereafter, a second buffer sample was taken, the tissue slices were removed, blotted, and weighed. The NO concentration of conditioned buffer samples was determined by means of a Sievers NO Analyzer (Sievers Instruments, Boulder, CO) as previously reported (19) . Paired observations were made for each perturbation and the average taken, and final data expressed as nM NO/L/g tissue.
Animal studies. Studies were carried out in piglet intestine to confirm the accuracy and reproducibility of the in vitro technique to measure intestinal VO 2 and to determine the dose-response relationships for the pharmacological agents used in the work. The Institutional Animal Care and Use Committee of Columbus Children's Research Institute approved all animal work. Piglets were studied within 6 h of birth and were never fed. Anesthesia was achieved with telezol (7.5 mg/kg i.m.) and xylazine (5 mg/kg i.m.).
The first protocol compared in vivo and in vitro VO 2 measurements on the same portion of ileum tissue to compare in vivo and in vitro methods to measure VO 2 . Intestinal VO 2 was first measured in vivo by means of the Fick method; thereafter, the ileal tissue was removed, cut into slices, and in vitro VO 2 measurement carried out. The second protocol determined the optimal incubation time for NO studies. Ileum was incubated in Krebs buffer at 37°C for 0 -180 min and the NO concentration determined thereafter in conditioned buffer. In the third protocol, SP (10
Ϫ10
-10 Ϫ7 M) was added to separate wells to determine dose-response for SP as a stimulant for eNOS. In a subsequent study, L-NNA (10 Ϫ10 -10 Ϫ7 M) or vehicle were added before SP (10 Ϫ8 M) to determine the dose-response for L-NNA as an eNOS antagonist. The fourth protocol determined the dose-response relationship of L-NIL as a specific antagonist for iNOS activity in newborn intestine. iNOS activity was induced in ileal tissue slices in vitro by exposure to TNF-␣ (10 ng/mL in Ham's F-12 medium, incubation at 37°C for 12 h) and confirmed by immunohistochemistry. Thereafter, L-NIL (10 Ϫ6 -10 Ϫ3 M), L-NNA (5 ϫ 10 Ϫ8 M) or vehicle (buffer) was added to separate wells and the plates incubated for an additional 2 h. NO concentration was compared between fresh and conditioned media.
Human study population. Work involving human infants was approved by the Institutional Review Board of Children's Hospital and parental consent was obtained before recovery of tissue. One group consisted of infants who underwent intestinal resection for NEC, while another (control) was comprised of infants who underwent small bowel resection for diagnoses other than NEC (congenital bowel atresia or stenosis). All human data presented herein were collected from small intestine.
Tissue procurement. Tissue processing commenced within 30 min of resection. Each NEC specimen was divided into healthy and diseased portions based on gross appearance; to this end, an inflammatory or hemorrhagic serosal or mucosal exudate, or bowel wall discoloration were considered evidence of disease.
Tissue preparation. Pieces of human tissue were often irregular in shape. This circumstance prompted us to pre-prepare each piece by squaring off corners so that a rectangular tissue segment of consistent dimensions from infant to infant were produced. Tissue segments were cut into full-thickness, ϳ0.3-mm slices (average weight: 20 Ϯ 2 mg). Two slices cut from each tissue segment, selected randomly, were submitted for histologic examination. The rest were placed into warmed aerated Krebs buffer for a 1-h equilibration before study.
Histologic analysis. Tissue was fixed in 10% neutral buffered formalin for 24 h, processed, and stained with hematoxylin and eosin (H&E) or with MAb to eNOS or iNOS (1:500; BD Biosciences, San Diego, CA). Tissue injury was quantified using a scoring system that used six descriptors: 1) villus destruction; 2) loss of crypt architecture; 3) vascular congestion, i.e. red blood cell distension of submucosal or villus microvessels; 4) coagulative necrosis; 5) submucosal edema; and 6) thinning of the intestinal wall. Scoring of both samples from each tissue block was carried out in a blinded fashion by two investigators and the average taken.
Protocol. VO 2 was measured in vitro in pairs of tissue slices exposed to SP (10
, or vehicle (Krebs buffer). To this end, tissue slices were placed into warmed, aerated Krebs buffer that contained a single agent for 2 h; thereafter, the tissue was transferred to the O 2 monitor chamber for VO 2 measurement. NO release by tissue into bathing buffer was measured on tissue slices other than those used in the VO 2 studies. Wells were filled with Krebs buffer containing one of the following: SP (10
, or vehicle (Krebs buffer). Tissue was incubated at 37°C for 2 h before removal of conditioned buffer for NO measurement.
Statistical analysis. ANOVA was used to determine statistical significance of the data. In all cases, post hoc Tukey B tests were carried out determine sites of significance when the ANOVA F-statistic was significant (p Ͻ 0.05).
Regression analysis was carried out to determine the interaction between buffer NO concentration and tissue VO 2 , between gestational age and tissue VO 2 , and between feeding parameters and tissue VO 2 . All data are presented as mean Ϯ SD.
RESULTS
Animal data. VO 2 data generated in vivo (Fick method) and in vitro (direct oximetry) on the same piece of ileum was similar: in vivo 398 Ϯ 45 nM O 2 /min/g; in vitro 427 Ϯ 41 nM O 2 /min/g (n ϭ 5). These data confirmed the validity of the in vitro method for measurement of intestinal VO 2 . Accumulation of NO within the bathing buffer increased as a function of incubation time, with a linear increase noted between 90 and 150 min; NO data (in nM NO/L/g) were 10 Ϯ 1, 13 Ϯ 2, 14 Ϯ 2, 18 Ϯ 2, 28 Ϯ 3, 40 Ϯ 3, and 45 Ϯ 4 at 0, 30, 60, 90, 120, 150, and 180 min of incubation, respectively. A 2-h incubation period was thus used for all subsequent NO studies. SP increased ileal release of NO into the bathing buffer; NO data (in nM NO/g) were 42 Ϯ 4; 44 Ϯ 3, 52 Ϯ 6, 72 Ϯ 6,* and 74 Ϯ 5* following application of vehicle (control) or SP, 10
M in whole log increments for 2 h (n ϭ 3; *p Ͻ 0.05 versus control). SP at 10 Ϫ8 M was thus used for all subsequent studies. Optimal attenuation of SP-induced NO production occurred at 5 ϫ 10 Ϫ8 M L-NNA (82 Ϯ 6% reduction of buffer NO concentration). Ileal exposure to TNF-␣ (10 ng for 12 h) induced iNOS, as evidenced by immunohistochemistry (data not shown), as well as by an increase in medium NO concentration at the end of the 12-h incubation (in nM NO/L/g): control, 49 Ϯ 7; TNF-␣, 103 Ϯ 37* (n ϭ 3, *p Ͻ 0.05). Optimal attenuation of iNOS activity by L-NIL occurred at 10 Ϫ4 M (75 Ϯ 8% reduction in subsequent NO accumulation in medium over the ensuing 2 h); in contrast, L-NNA (5 ϫ 10 Ϫ8 M) had no effect on subsequent NO accumulation within the medium, indicating that the dose of L-NNA that effectively reduced the SP-induced increase in NO accumulation had no effect on iNOS activity. Finally, L-NIL (10 Ϫ4 M) had no effect on SP-induced NO accumulation, confirming its selectivity for iNOS.
Human data. Demographic features of the two patient groups were dissimilar ( Table 1) . None of the NEC cases were clustered and none represented focal perforations, factors that might reflect unique pathogenetic mechanisms (20, 21) .
The tissue injury score was significantly different among the three tissue groups: control, 0.4 Ϯ 0.2; NEC-healthy, 1.2 Ϯ 0.4*; NEC-diseased, 4.6 Ϯ 0.5* § (*p Ͻ 0.01, NEC-healthy versus control; §p Ͻ 0.01 NEC-diseased versus NEChealthy). eNOS was present in all control and NEC-healthy tissues and was exclusively localized to the microvasculature; in contrast, very little eNOS staining was present in NECdiseased tissue (Fig. 1) . iNOS was present in all NEC-healthy tissue specimens and was localized to villus enterocytes, and to a lesser extent the microvasculature; in contrast, iNOS was not present in any control tissue and was present to a limited extent in NEC-diseased tissue (Fig. 2) . Baseline VO 2 was significantly lower in the NEC-healthy or NEC-diseased tissues than in the control tissue (Table 2) . L-NIL, L-NNA, or SP did not alter VO 2 in control tissue; in contrast, SNAP reduced VO 2 in control tissue by 44%. In NEC-healthy tissue, L-NIL increased VO 2 by 90%. Neither L-NNA nor SP altered VO 2 in the NEC-healthy tissue, whereas SNAP decreased VO 2 by 21% therein. None of the agents significantly altered VO 2 in the NEC-diseased tissue.
The concentration of NO in conditioned buffer at the end of the 2-h incubation period was significantly greater in the NEC-healthy tissue when compared with either control or NEC-diseased tissues (Table 3) . L-NIL significantly reduced buffer NO concentration in the NEC-healthy tissue, whereas neither L-NNA nor SP had a significant effect. The buffer NO concentration in the control or NEC-diseased tissue groups was not affected by L-NIL, L-NNA, or SP. As expected, the addition of exogenous NO via SNAP increased buffer NO concentration in all groups.
A significant inverse linear correlation between VO 2 and buffer NO concentration was present in control tissue (Fig. 3) . A similar, but significantly stronger (p Ͻ 0.05 by Fischer z-test) correlation was present in the NEC-healthy tissue (Fig. 4) . The buffer concentrations of NO were higher in the NEC-healthy group and a bimodal distribution of NO data was evident. This circumstance is consistent with the induction of iNOS in this tissue, which generates NO at a rate substantially greater than the other NOS isoforms. A correlation between VO 2 and buffer NO concentration was not present in the NEC-diseased tissue (Fig. 5) . No correlation was noted between VO 2 in NEC-healthy or NEC-diseased tissues and the duration of feeding, maximal feeding volume achieved, and hours of enteral fasting before laparotomy (data not shown). A direct linear correlation was noted between gestational age and baseline VO 2 in control tissue (Fig. 6 ), but not from NEC tissues (data not shown).
DISCUSSION
The study hypothesis, that iNOS-derived NO suppresses VO 2 in human intestine resected for NEC was predicated on the established capacity of NO to compromise mitochondrial respiration. NO reversibly inhibits cytochrome c, the terminal step in the electron transport chain (9) . This effect occurs within physiologically relevant NO concentrations; thus, the K i for NO inhibition of mitochondrial respiration is approximately 27 nM (22), a level similar to that noted in the periarteriolar interstitium (23) . Endogenously derived NO depresses myocardial VO 2 and this response appears to participate in the normal physiologic regulation of cardiac function (24) . In healthy myocardial tissue, the source of the NO that modulates tissue VO 2 is eNOS that is present within arteriolar endothelial cells immediately adjacent to myocytes (10) . eNOS-derived NO did not affect intestinal VO 2 , as evidenced Data are expressed as nM O 2 /min/g and mean Ϯ SD, n ϭ 7 for control group, n ϭ 14 for NEC group. Analysis by two-way ANOVA, significance set at p Ͻ 0.01: * drug vs baseline; † NEC vs control; ‡ NEC-diseased vs NEC-healthy. Data are expressed as nM NO/L/g and mean Ϯ SD, n ϭ 7 for control group, n ϭ 14 for NEC group. Analysis by two-way ANOVA, significance set at p Ͻ 0.01: * drug vs baseline; † NEC vs control; ‡ NEC-diseased vs NEC-healthy.
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by the failure of SP or L-NNA to alter VO 2 . However, the SNAP data demonstrate that NO-induced depression of intestinal VO 2 can occur.
Suppression of intestinal VO 2 by iNOS-derived NO was clearly evident in NEC-healthy tissue. The baseline VO 2 was depressed in NEC-healthy tissue, whereas the concentration of NO in conditioned buffer was significantly greater in this tissue group; moreover, a strong correlation between buffer NO concentration and intestinal VO 2 was evident. That the source of this NO was iNOS was supported by two observations: first, a marked up-regulation of iNOS expression was evident in all NEC-healthy specimens and, second, L-NIL, reduced accumulation of NO into the buffer and simultaneously increased VO 2 .
The aforementioned observations may be relevant to the pathogenesis of NEC. Up-regulation of iNOS was most conspicuous in the villi. The villi are the principal site of O 2 utilization in the intestine, a circumstance that renders them most susceptible to functional disruption or damage in the presence of dysoxia, whether generated by compromise in O 2 availability or by the capacity of the mitochondria to use O 2 in oxidative phosphorylation (25) . The villi are also the location of the earliest histopathological lesions of NEC (26) . Beltran et al. (27) demonstrated that NO-induced depression of mitochondrial respiration was sufficient to induce enterocyte apoptosis, and Ford and colleagues (1) showed apoptosis to be present in human intestine resected for NEC. Combining these observations, we speculate that depression of intestinal VO 2 via iNOS-derived NO may contribute to enterocyte damage, necrosis, or apoptosis and that this process occurs very early in the pathogenesis of NEC. This speculation is consistent with demonstration of iNOS up-regulation and reversible NO-induced depression of intestinal VO 2 in areas of the intestine that demonstrate relatively intact architecture, i.e. in areas of the intestine immediately adjacent to regions of overt necrosis.
Interestingly, no evidence of an interaction between NO and VO 2 was observed in NEC-diseased tissue, i.e. tissue that demonstrated significant histopathological evidence of NEC, nor was the low VO 2 of this tissue reversed by L-NIL. The tissue injury score here was substantial: villus sloughing, coagulation necrosis, and vascular congestion of the microcirculation (which itself implies downstream ischemia) were consistently present in all specimens. We thus speculate that Two caveats to these data deserve discussion. First, the control and NEC patient groups were not alike; most significantly, the gestational age of the NEC patients was significantly lower than that of the control patients. This difference could present a problem insofar as a direct linear correlation between baseline VO 2 and gestational age was evident in the control group (Fig. 6) , suggesting that gut VO 2 is lower in preterm infants in the absence of disease. Is it possible, therefore, that the lower baseline VO 2 noted in NEC patients was the consequence of normal developmental physiology (i.e. secondary to prematurity) rather than a pathophysiological process (i.e. secondary to NEC)? We reject this possibility insofar as VO 2 in NEC-healthy infants significantly increased (to nearly the level of control infants) after L-NIL administration, suggesting that the depression was secondary to a reversible, NO-based effect, rather than a developmental phenomenon. The second caveat is that none of the control infants had been fed, while all of the NEC patients had received enteral nutrition for several days before the onset of disease. Feeding affects gut VO 2 ; specifically, the active transport processes initiated by luminal nutrients significantly increase VO 2 (25) . Luminal nutrients also serve as a stimulant for growth in the perinatal intestine (28) . In this context, however, baseline VO 2 was significantly lower in NEC (fed) than control (not fed) infants, a pattern opposite of that predicted based solely on the effects of luminal nutrients on gut VO 2 .
It is important to recognize that NO has also been proposed to prevent the development of NEC, possibly because of the vasodilator effect of NO in the newborn intestinal circulation. Indeed, we have previously proposed loss of intestinal vascular eNOS activity as the basis for the microvascular ischemia that appears to occur in NEC (29) . Blockade of eNOS activity aggravates intestinal injury generated by platelet activating factor, a proinflammatory lipid mediator present in infants with NEC (30, 31) . Clinical studies demonstrate that L-arginine, the substrate used by all NOS in the generation of NO is low in the plasma of infants with NEC when compared with agematched controls (32, 33) , and Amin et al. (34) reported that L-arginine supplementation reduced the incidence of NEC in infants Յ1250 g. It is feasible, however, that the beneficial effect of L-arginine was unrelated to an enhancement eNOSderived NO, insofar as L-arginine is also the precursor for glutamine and glutamate that serve as metabolic fuels for enterocytes (35) . As well, L-arginine stimulates enterocyte migration via NO and focal adhesion kinase pathways and thus may be important in wound repair in NEC (36) .
In summary, we have demonstrated that tissue VO 2 is depressed, whereas tissue release of NO into bathing buffer is increased in gut resected from preterm infants for NEC that has a relatively normal histologic appearance. Immunohistochemistry and selective pharmacological blockade implicate iNOS as the source of this NO. We propose that suppression of tissue VO 2 is yet one more means whereby iNOSderived NO contributes to the pathogenesis of NEC.
